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We demonstrate that ultracold polyatomic symmetric top molecules, such as methyl fluoride,
loaded into an optical lattice and subject to DC electric and microwave field dressing, can display
topological order via a self-consistent analog of a proximity effect in the internal state space of the
molecule. The non-trivial topology arises from pairwise transitions between internal states induced
by dipole-dipole interactions and made resonant by the field dressing. Topological order is explicitly
demonstrated by matrix product state simulations on 1D chains. Additionally, we show that in the
limit of pinned molecules our description maps onto a long-range and anisotropic XYZ spin model,
where Majorana fermions are zero-energy edge excitations in the case of nearest-neighbor couplings.
There is currently a strong push to create systems
which harbor Majorana fermion excitations [1, 2]. The
interest in Majorana fermions stems from their robust-
ness against local perturbations and connections be-
tween Majorana fermions and the topology of quantum
phases [3–5]. The simplest system [6] where Majorana
fermions arise as low-energy edge excitations is in a 1D
lattice model of spinless fermions with both tunneling
and p-wave pairing. Pairing of fermions is a crucial in-
gredient for realizing Majorana fermions, as it breaks the
U(1) symmetry corresponding to conservation of total
particle number down to the Z2 symmetry associated
with fermionic parity [7, 8]. In a solid state setting, p-
wave pairing in a semiconductor wire can be induced by
allowing Cooper pairs to tunnel to the wire from a nearby
p-wave superconducting reservoir; this is the proximity
effect. In this Letter, we show that a self-induced analog
of the proximity effect and other rich features of quantum
wire models can be observed with a field-dressed ultra-
cold gas of symmetric top molecules in which internal
states of the molecule provide the discrete wire degrees
of freedom.
Polyatomic symmetric top molecules (STMs), of which
methyl fluoride, CH3F, is a canonical example, display
a linear response to an externally applied static electric
field in contrast to the quadratic response exhibited by
Σ-state molecules such as the alkali metal dimers [9].
The difference arises from a nonzero projection of the
rotational angular momentum on the body frame of the
molecule, see Fig. 1(a). The strong coupling of STMs
to external fields is the basis of opto-electrical cooling, a
novel route to bring generic STMs to quantum degener-
acy [10], and also enables STMs to simulate the physics of
magnetic dipoles and quantum magnetism with greatly
enhanced dipolar interaction energies [9]. In addition,
STMs have a long history in the physics of molecular
beams [11]. The main idea of our proposal is to use the
linear Stark effect for STMs together with a monochro-
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matic microwave field tuned near-resonant to neighboring
rotational levels to engineer energy level crossings. Near
such a level crossing, the dipole-dipole interaction causes
resonant transitions between the internal states of two
molecules. These transitions preserve the total number
of molecules while changing the number of molecules in
each internal state by two. In appropriate geometries,
interactions which change the internal state of only one
molecule are suppressed, and thus we find an effective
many-body model of two-component particles which con-
serves the total number of particles but explicitly breaks
the U(1) symmetry associated with conservation of the
relative number of particles in the two internal states
down to Z2 [12]. Using matrix product state simula-
tions [13], we explicitly demonstrate topological order in
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FIG. 1: Dressed symmetric top molecules (STMs) in opti-
cal lattices (a) Rotational angular momentum geometry of the
STM CH3F. (b) Schematic of field and lattice geometry. Pur-
ple and green denote two internal states. (c) Levels |J,K,M〉
and |J + 1,K,M〉 have different Stark effects. Coupling by a
microwave of frequency ω and detuning ∆ generates dressed
state |0¯〉 (|1¯〉) in green (purple). (d) Combined DC and AC
Stark shift cause a level crossing of |0¯〉 and |1¯〉 (Ω/∆ = 1).
Inset: enlargement of crossing.
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2the ground state. Further, we show that when the trans-
lational motion of the molecules is frozen, the dynamics
of the rotational excitations can be mapped to a long-
range XYZ spin model, where Majorana fermion physics
is known to exist for the short-range case [6, 14].
There have been many proposals to realize Majorana
fermions and other topological phenomena using ultra-
cold gases, including light-induced effective spin-orbit in-
teractions [15–19], quantum simulation of the proxim-
ity effect using Raman coupling of fermions to a 3D
molecular Bose-Einstein condensate [20], and light- and
interaction-induced spatial pair tunneling [21]. In addi-
tion, diatomic molecules have been proposed to generate
topological phases [22–25]. Two important distinctions
of our work from others are that pair tunneling occurs
between internal states of the molecule rather than in
real space [26], and pair tunneling and interactions are
anisotropic and long-range, arising from the dipole-dipole
interaction. In addition to the fundamental interest of
a quantum mechanical object providing pairing fluctua-
tions for itself, the former distinction is also key for de-
tection; in ultracold gases it is vastly easier to perform
measurements on specific internal states than on local-
ized points in space.
Field dressing of symmetric top molecules. The ro-
tational degrees of freedom of a STM in the lowest
electronic and vibrational state may be characterized
by the basis |J,K,M〉 =
√
2J+1
8pi2 DJ∗MK(ωm), where J
is the rotational quantum number, M is the projec-
tion of rotation J on a space-fixed quantization axis,
K is the projection of J on the symmetry axis of the
molecule, and DJMK(ωm) are the matrix elements of the
Wigner D-matrix rotating the space-fixed frame to the
molecule-fixed frame by the Euler angles ωm [27], see
Fig. 1(a). The corresponding rotational eigenenergies
are EJKM = B0J(J + 1) + (A0 − B0)K2, where the
rotational constants B0 ≈ 25GHz, A0 ≈ 155GHz for
CH3F. In a static electric field of strength EDC  B0/d
defining the quantization axis, with d the permanent
dipole moment, the matrix elements of the dipole op-
erator along space-fixed spherical direction p, dˆp, take
the form of a spherical tensor with reduced matrix el-
ement 〈J,K ′||dˆ||J,K〉 = dK
√
2J+1
J(J+1)δK,K′ [9]. Hence,
STMs in this field regime display a linear Stark effect
with eigenenergies EJKM = dKMEDC/[J(J + 1)], as
shown in Fig. 1(c). The effects of hyperfine structure are
considered later in this work.
To understand the microwave dressing procedure, let
us now consider applying a microwave field EAC with lin-
ear polarization along the space-fixed quantization axis,
εAC = eZ , see Fig. 1(b), which is red-detuned an amount
∆ [28] from resonance with the |J,K, 0〉 → |J + 1,K, 0〉
transition, as shown in Fig. 1(c). Applying the rotating
wave approximation and transforming to the Floquet pic-
ture [29], the quasienergies are obtained by solving the
Schro¨dinger equation for fixed M with the 2× 2 Hamil-
tonians [30]:
HˆJKM =
(
−dKMEDCJ(J+1) −ΩJKM
−ΩJKM ∆− dKMEDC(J+1)(J+2)
)
, (1)
where ΩJKM ≡ Ω{ [(J+1)
2−K2][(J+1)2−M2]
(J+1)2(2J+1)(2J+3) }1/2 with the
Rabi frequency Ω ≡ dEAC. Single-particle eigenstates
of Eq. (1) in the rotating frame will be denoted by an
overbar, e.g. , |0¯〉.
In the perturbative regime where Ω, dEDC  ∆, the
quasienergies are split into manifolds E˜JKM ;± separated
by roughly ∆, see Fig. 1(d). The M dependence of the
off-diagonal components ΩJKM introduces an effective
tensor shift between states of differentM which is propor-
tional to Ω2, similar to the microwave-induced quadratic
Zeeman effect in spinor Bose gases [31]. Including the
static field EDC can cause two such quasienergy levels
with different M to cross as the static field energy dEDC
becomes of the order of the effective tensor shift, as shown
for the case of the (J,K) = (1, 1) → (2, 1) transition in
Fig. 1(c). Note that level crossings can also be engineered
outside of the perturbative regime. We will denote the
parametric relationship of the Rabi frequency and the
electric field at such a crossing as Ω˜ (EDC).
The components of the dressed states in the |J +
1,K,M〉 manifold oscillate in time with frequency ω.
Hence, the dipole moments of the dressed states contain
both static and time-oscillating pieces. While the oscil-
lating terms time-average to zero for a single molecule,
the dipole-allowed exchange of rotational quanta for two
molecules can be resonant due to the two dipoles oscil-
lating in phase [24, 32]. Maintaining a single frequency
for the microwave field but allowing for different polar-
izations and intensities realizes vast tunability over the
various interaction processes. The only assumption we
use in this work is that the dipole moments of two states
near a level crossing only have static components along
a single space-fixed spherical direction. Practically, the
microwave field can contain either p = ±1 components
or p = 0 components, but not both. The requirement of
only a single microwave frequency is in contrast to pro-
posals with 1Σ molecules, which often require precise fre-
quency and polarization control of multiple microwaves
in order to realize topological phases [25].
Effective many-body model near a level crossing.
We now consider an ensemble of fermionic STMs
(e.g. 13CH3F or CH3CN) trapped in an optical lattice
with a quasi-2D geometry and prepared near a level
crossing with EDC normal to the plane of molecules,
see Fig. 1(b). Our arguments also apply for a quasi-
1D arrangement consisting of one row of Fig. 1(b). Two
molecules interact through the dipole-dipole interaction
HˆDD = −
√
6
∑2
p=−2(−1)pC(2)−p(R)[dˆ⊗ dˆ](2)p /R3 , (2)
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FIG. 2: Interaction processes in the effective lattice Hamil-
tonian. The two internal states |0¯〉 and |1¯〉 may be viewed
as an discrete spatial degree of freedom, e.g. a ladder. (a)
Tunneling rates tσ depend on the internal state due to polar-
izability anisotropy [9, 33]. (b) E and W interactions change
the internal state of the molecules. E processes preserve the
number in each internal state, W processes change it by ±2.
(c) U interactions preserve the internal state of the molecules.
d) Nearest-neighbor Hubbard parameters (W ≡ Wi,i+1 etc.)
of the many-body model Eq. (3) with (EDC-dependent) Rabi
frequency Ω˜ at the level crossing in Fig. 1(d). Symbols corre-
late processes to Panels (a)-(c).
where C
(2)
p =
√
4pi
5 Y
(2)
p (R) is an unnormalized spher-
ical harmonic, R is the relative coordinate with R its
magnitude, and [dˆ ⊗ dˆ](2)p is the pth component of
the rank-two tensor product of dipole operators in the
space-fixed spherical basis [27]. The terms in Eq. (2)
with p = ±1 are proportional to sin θ cos θ, where θ
is the polar angle between R and EDC. For the ge-
ometry in Fig. 1(b), θ = pi/2 and so these terms van-
ish. The remaining interactions are the p = 0 term,
(1 − 3 cos2 θ)[dˆ0dˆ0 + (dˆ1dˆ−1 + dˆ−1dˆ1)/2]/R3, and the
p = ±2 terms, −3 sin2 θe−2iφdˆ1dˆ1/(2R3) + h.c., where
φ is the angle between R and the space-fixed x axis in
the plane of molecules.
Expanding the field operator in a basis of lowest band
Wannier functions wiσ(r) [34, 35], where σ ∈ {0, 1} in-
dexes the dressed states {|0¯〉, |1¯〉} which are nearly reso-
nant, we find the lattice Hamiltonian
Hˆ = −∑〈i,j〉σ tσaˆ†iσaˆjσ + δ∑i nˆi1
− 12
∑
i,j,i 6=j [Ei,jSˆ
+
i Sˆ
−
j +Wi,jSˆ
+
i Sˆ
+
j + h.c.]
+
1
2
∑
σ,σ′,i,j,i 6=j
Uσσ
′
i,j nˆiσnˆjσ +
∑
i U0nˆi0nˆi1 . (3)
Here, aˆiσ destroys a STM in Wannier state wiσ(r), nˆiσ =
aˆ†iσaˆiσ, and Sˆ
+
i = aˆ
†
i0aˆi1, Sˆ
−
i = (Sˆ
+
i )
† are the usual spin-
1/2 ladder operators. In order, the terms in Eq. (3) are
state-dependent tunneling tσ of molecules between neigh-
boring lattice sites 〈i, j〉; a single-particle energy offset δ
of state |1¯〉 with respect to state |0¯〉; state-exchanging col-
lisions Ei,j of molecules at sites i and j; state-transferring
collisions Wi,j which transform two molecules in state |0¯〉
at sites i and j into the state |1¯〉 and vice versa; state-
preserving collisions Uσσ
′
i,j between molecules in states σ
and σ′ at lattice sites i and j, respectively; and on-site
interactions U0. A schematic view of the processes in
Eq. (3) is given in Fig. 2(a)-(c). The magnitudes of
the Hubbard parameters for the specific level crossing
in Fig. 1(d) are displayed in Fig. 2(d) as a function of
the EDC-dependent Rabi frequency at the level crossing,
Ω˜(EDC). For the dressing scheme in Fig. 1(c), the Hub-
bard parameters U and E are overlaps of the p = 0 com-
ponent of the dipole-dipole potential in the basis of Wan-
nier functions [36], while the W terms involve overlaps
of the p = ±2 components of the dipole-dipole potential.
All dipolar parameters U , E, and W have an approxi-
mately 1/|i− j|3 decay between lattice sites, and the W
terms additionally feature a dependence on the angle φ.
Other dressing schemes divide the angular dependence
between U , E, and W .
Because our scheme populates multiple dressed states
consisting of different rotational levels, molecules un-
dergo possibly rapid rotationally inelastic processes at
short range which will cause a loss of molecules from the
trap. In many cases the on-site interaction U0 is large
and positive, enforcing a hard-core constraint. However,
even in the cases of U0 ≤ 0, molecules may be forbid-
den from occupying the same lattice site by the quantum
Zeno effect. The quantum Zeno effect has been shown to
enforce a hard-core constraint for KRb, where two-body
losses are due to chemical reactions, and gives rise to life-
times which are long compared to the typical time scales
of interactions [32, 37]. The numerical results given in
this work have U0 > 0 large and so should not be af-
fected by rotationally inelastic losses.
Many-body features of the effective Hamiltonian The
Hamiltonian Eq. (3) has a U(1) symmetry generated by
the total number operator Nˆ = Nˆ0 + Nˆ1 with Nˆσ =∑
i nˆiσ. The W term breaks number conservation within
each internal state, but preserves the parities defined by
Pˆσ = exp(−ipiNˆσ). Due to the U(1) symmetry, the
two parities are redundant, both being proportional to
Pˆ = exp[− ipi2 (Nˆ0 − Nˆ1)], which is the parity of the num-
ber difference between internal states. Hence, the inter-
nal symmetry of the model Eq. (3) is U(1)×Z2 [12]. We
can interpret the W term as being a hopping of pairs
between two quantum wires or layers, where the wire in-
dices correspond to the dressed states of the molecule,
see Fig. 2. This can be viewed as self-induced analog of
the proximity effect, in which the two degenerate dressed
states of the molecule resonantly exchange pairs with
each other. Due to the fact that exchange of rotational
quanta only occurs when the dipoles oscillate in phase
and the particular geometry, dipolar excitation of a single
molecule is forbidden. Single excitation processes which
break the Z2 symmetry can be included systematically
by other choices of geometry or field polarization.
In ultracold gases it is often easier to achieve low tem-
peratures for the internal degrees of freedom even when
the motional degrees of freedom remain hot. Hence, a
4natural first step for many-body physics is to freeze the
motional degrees of freedom by loading into a deep opti-
cal lattice and consider the dynamics of only the internal
degrees of freedom [32]. In the limit in which the quasi-
2D confinement is so deep that the tunneling is negligible,
Eq. (3) becomes a long-range and anisotropic spin model
Hˆ = 12
∑
i,j,i 6=j
[ (
Ei,j +W
R
i,j
)
Sˆxi Sˆ
x
j +
(
Ei,j −WRi,j
)
Sˆyi Sˆ
y
j
−W Ii,j(Sˆxi Sˆyj + Sˆyi Sˆxj ) +
(
U00i,j + U
11
i,j − 2U01i,j
)
Sˆzi Sˆ
z
j
]
+
∑
i hiSˆ
z
i , (4)
where hi = δ+
1
4
∑
j,j 6=i
(
U00i,j − U11i,j
)∑
σ nˆjσ is the effec-
tive magnetic field at site i, we have ignored a constant
term, and WRi,j (W
I
i,j) is the real (imaginary) part of Wi,j .
Note that Eq. (4) does not conserve magnetization due
to the non-zero WR and W I terms easily accessible in
our scheme, in contrast to the XXZ models realized with
alkali dimer molecules [32, 38]. In one dimension, choos-
ing coordinates such that W Ii,j = 0, and considering that
the coefficient of Sˆzi Sˆ
z
j vanishes [39], Eq. (4) becomes
a long-ranged version of the XY model in a longitudinal
field. The nearest-neighbor XY model is equivalent to the
Kitaev wire Hamiltonian [6], where Majorana fermions
are known to exist. It was also pointed out that long-
range interactions may not qualitatively change the na-
ture of topological phases [39]. Finally, we note that in
the limit of motionally quenched molecules, the statis-
tics are unimportant, and so one can also realize Eq. (4)
with a bosonic STM, such as 12CH3F or the other methyl
halides.
To demonstrate non-trivial topology in the ground
state of Eq. (3) in one dimension, we compute the en-
tanglement splitting ∆λ =
∑
i (λ2i+1 − λ2i), where λi is
the ith Schmidt value of a bipartite splitting in the center
of the 1D chain, and the gap between the even and odd
fermionic parity sectors using variational matrix product
state algorithms [13]. For the dressing scheme of Fig. 1(d)
with Ω˜(EDC)/∆ ≈ 1.5, lattice filling N/L = 2/3, and
tunneling in the |0¯〉 state t0 = 0.1W , we find a vanishing
of the entanglement splitting near δ ≈ −0.6W , where the
gap between the even and odd parity sectors also closes.
The vanishing of ∆λ explicitly demonstrates the topolog-
ical order [40]. We find qualitatively similar behavior of
∆λ for a variety of more complex dressing schemes and
tunnelings.
In our analysis of the field dressing of STMs we have
neglected hyperfine structure. Though the hyperfine
structure of STMs is complicated [9], a single hyperfine
component may be selected via a strong magnetic field,
similarly to the alkali dimers [41]. Alternatively, work-
ing at microwave detuning large compared to the typi-
cal hyperfine splittings, ∆  Ehfs ≈ 10kHz for CH3F,
one can address all hyperfine states equally with a read-
ily achievable microwave power on the order of tens of
W/cm2. While we have focused on polyatomic STMs in
which all states with a given J and K are degenerate in
zero DC field, we expect similar level crossings in other
systems with a linear Stark effect but no zero-field de-
generacy, such as the Lambda doublet of OH [42], its
fermionic analog OD [43], or other species with non-zero
projection of orbital angular momentum along the body
frame |Λ| > 0.
We have found a general mechanism for generating
level crossings between internal states with a finite tran-
sition dipole matrix element in symmetric top molecules
by a combination of microwave dressing and the linear
Stark effect. The dipole-dipole interaction generates res-
onant pair transitions between such nearly degenerate
levels. By appropriate choices of geometry and field po-
larization, transfer of a single molecule between internal
states can be forbidden, and the resulting many-body
system features topologically nontrivial states. Our re-
sults provide a new route towards the study of topolog-
ical phases in many-body physics by harnessing the rich
internal structure of molecules.
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